Escherichia coli produces two enzymes which interconvert succinate and fumarate: succinate dehydrogenase, which is adapted to an oxidative role in the tricarboxylic acid cycle, and fumarate reductase, which catalyzes the reductive reaction more effectively and allows fumarate to function as an electron acceptor in anaerobic growth. A glycerol plus fumarate medium was devised for the selection of mutants (frd) lacking a functional fumarate reductase by virtue of their inability to use fumarate as an anaerobic electron acceptor. Most of the mutants isolated contained less than 1% of the parental fumarate reduction activity. Measurements of the fumarate reduction and succinate oxidation activities of parental strains and frd mutants after aerobic and anaerobic growth indicated that succinate dehydrogenase was completely repressed under anaerobic conditions, the assayable succinate oxidation activity being due to fumarate reductase acting reversibly. Fumarate reductase was almost completely repressed under aerobic conditions, although glucose relieved this repression to some extent. The mutations, presumably in the structural gene (frd) for fumarate reductase, were located at approximately 82 min on the E. coli chromosome by conjugation and transduction with phage P1. frd is very close to the ampA locus, and the order of markers in this region was established as ampA-frd-purA.
The properties of the succinate dehydrogenases found in aerobic and anaerobic cells differ considerably. The aerobic enzyme has a predominantly oxidative function, as a participant in the tricarboxylic acid cycle. It is a membrane-bound flavoprotein and, unique among the tricarboxylic acid cycle enzymes, it serves as a direct electron donor to the cytochrome electron transport chain leading to oxygen. By contrast, the succinate dehydrogenase characteristic of obligate anaerobes such as Micrococcus lactilyticus serves a predominantly reductive role, leading to succinate as a fermentation product. This enzyme might, more appropriately, be termed "fumarate reductase" (30) . Facultative anaerobes such as Escherichia coli should have a physiological requirement for both types of enzyme. Hirsch et al. (16) found that anaerobic fumarate reduction in E. coli was unimpaired in a mutant lacking succinate dehydrogenase and suggested the existence of a distinct fumarate reductase; this was later confirmed by the isolation of a mutant lacking the reductase (C. A. Hirsch, Fed. Proc. 24:228, 1965) . Fumarate reductase has subsequently been found in yeast and in various anaerobically-grown bacteria (15, 25) .
The fumarate reductase in E. coli has a lower Km for fumarate than for succinate and is adapted to catalyze fumarate reduction faster than succinate oxidation. Like succinate dehydrogenase, fumarate reductase is a membranebound flavoprotein. The enzyme is induced under anaerobic conditions, where it permits fumarate to be used as an electron acceptor, with the formation of succinate as a fermentation product (6, 9, 10, 20, 24, 28) . Nitrate, which can also function as an anaerobic electron acceptor in E. coli, is known to serve as the terminal electron acceptor for a cytochromedependent electron transport chain in which nitrate reductase is a membrane-bound component (27) . An analogous electron transport function for fumarate reductase has been proposed in Streptococcus faecalis (9) and Bacillus megaterium (20) and may also occur in E. coli. Fumarate reductase also serves to provide succinate for biosynthetic use during anaerobic growth when the tricarboxylic acid cycle enzymes are repressed (2, 12 ; C. A. Hirsch, Fed. Proc. 24:288, 1965 (14) . Lysates of donor strains were prepared by confluent lysis using the media and method of Lennox (21 (Table 3) , when compared with the corresponding anaerobic rates. Furthermore, a comparison of the rates of fumarate reduction for strain W945sdh and other strains, particularly W945sdh frd-2, indicated that fumarate reductase was highly, but not completely, repressed during aerobic growth. It was also possible to estimate that, although the overall rates of succinate oxidation and fumarate reduction increased two-to threefold or decreased four-to tenfold, respectively, during transition from anaerobic to aerobic conditions with Sdh+Frd+ strains (R4 and P678), these changes probably corresponded to an increase in specific activity for succinate dehydrogenase approaching 40-fold and a 20-fold decrease in fumarate reductase activity. This aerobic repression of fumarate reductase and induction of succinate dehydrogenase was greatest in the absence of glucose; when glucose (0.1%) was added aerobically, intermediate levels of fumarate reductase were obtained and succinate dehydrogenase was less fully induced (Table  3) . Parental strains were also grown on the GF medium anaerobically, but the fumarate reducing activities obtained were no higher than after growth on complex medium.
Strain P678frd was atypical because it maintained a high rate of succinate oxidation after anaerobic growth (Table 2) ; only one of the mutants isolated here (R4 type b) exhibited a somewhat similar phenotype. A possible explanation is that, unlike the frd-1 and frd-2 lesions, the P678frd and type b lesions affect only the fumarate reducing activity of fumarate reductase and not the reverse reaction.
Genetic studies with frd mutants. In preliminary conjugations between several Hfr strains and strain P678frd, the frequency of Frd+StrR recombinant formation was relatively high with R4 and Ra-2 as donors, but very low with the H and P10 (Table 4 ). This indicates that the frd marker lies in the 79-to 88-min region of the E. coli chromosome (Fig. 2) . Similar studies with F' donors carrying different segments within this region further limited the frd marker to that segment in the 79-to 84-min region which is common to strains KLF17 and KLF18 (Table 4, Fig. 2 ). and strains containing various genetic markers in the region between 79 and 84 min ( Table 5 ). The frd mutations were cotransducible with fdp, purA, and ampA, but not with pyrB or uvrA. In most cases the results with different frd mutants agreed well. An exception was the failure to find co-transduction between the lesion in strain P678frd and ampA when the other mutations (frd-1 and frd-2) were closelylinked to ampA (as would be expected on the basis of other linkage relationships). This anomaly appeared to be a property of the P678 background; the same frd lesion transduced into other backgrounds (PA256 and Qll) showed, in most cases, close linkage with ampA. In view of this, the genetic mapping of strain P678frd was not investigated further. The co-transduction frequencies obtained using frd-1 and frd-2 are summarized in Fig. 3 , together with the cotransduction frequencies between the other markers which have been determined by previous workers.
The reported co-transduction frequencies between ampA and purA are much higher when AmpR is selected first (8) . Similar results were The above results show that frd is very close to ampA, but the relative order of the frd, ampA, and purA genes cannot be specified.
The order of these markers was determined by a three-factor cross, with KG20 (purA,ampA) as a recipient and a P1 lysate of strain R4frd-1, the donor strain. PurA+ transductants were selected, and the distribution of the nonselective Amps and Frd-markers was examined (Table 6 ). The AmpsFrd+ class is clearly the least frequent and, if this is presumed to derive from a quadruple cross-over, it may be concluded that the order of the genes is ampA-frdpurA. DISCUSSION The glycerol-fumarate medium devised for the selection of frd mutants proved effective, and most of the mutants isolated appeared to have lesions only in the presumed structural gene for fumarate reductase (frd). However some of the mutants (type c) which failed to grow on glycerol plus fumarate possessed an active fumarate reductase: the nature of their lesions is currently under investigation. If fumarate reductase does participate in an electron transport system, it is possible that these mutants are deficient in other components of the system. Alternatively, they may lack the soluble, flavin-linked a-glycerophosphate dehydrogenase which is used for anaerobic catabolism of glycerol and is distinct from the particulate dehydrogenase used aerobically (18) .
Compared with their parental strains, most of the newly isolated mutants were deficient in both fumarate reduction and succinate oxidation activities after anaerobic growth. In this respect they differed from the P678frd mutant which retained parental succinate oxidation activity. The mutants appeared, however, to have lesions only in the frd gene: they could be readily transduced to Frd+ with the simultaneous recovery of both activities, and the frd mutants of strain R4 clearly possessed a wildtype sdh gene as they showed parental activities for succinate oxidation after aerobic growth. No mutants of the phenotype of strain P678frd were isolated, but one R4 mutant (type b) was found to retain 30% of its parental succinate oxidation activity although it had only 2% fumarate reduction activity.
The isolation of single frd mutants which had also lost all their anaerobic succinate oxidation activity led to the conclusion that succinate dehydrogenase is completely repressed in anaerobic growth, the succinate oxidation activity measured in parental strains resulting from fumarate reductase acting reversibly. This is supported by the observation that strain W945sdh showed almost wild-type anaerobic succinate oxidation activities, but after aerobic growth, when fumarate reductase was highly repressed, the succinate oxidation activity declined in parallel. It seems likely that the succinate oxidation activity reported for anaerobically grown E. coli (12, 13, 17) is mainly due to fumarate reductase and that succinate dehydrogenase is completely repressed anaerobically, as is a-ketoglutarate dehydrogenase (2) . Fumarate reductase was induced anaerobically, and highly, but not completely repressed after anaerobic growth in the absence of glucose. In the presence of glucose, a small induction of fumarate reductase was observed, at the same time as some catabolite repression of the tricarboxylic acid cycle enzymes, including succinate dehydrogenase (13, 26) . This shows that the regulation of fumarate reductase is correlated with the regulation of the tricarboxylic acid cycle, such that fumarate reductase is induced when the TCA cycle enzymes are repressed. Unlike nitrate reductase (27) , fumarate reductase is apparently not substrate induced, and anaerobic growth on glycerol plus fumarate did not result in higher activities than anaerobic growth on complex glucose medium. However this situation may reflect the difference between an exogenous electron acceptor (nitrate) and one which is normally generated endogenously (fumarate). It is possible that anaerobic growth on complex glucose medium generated sufficient fumarate to induce fumarate reductase fully. The ratios of succinate oxidation to fumarate reduction activity for succinate dehydrogenase and fumarate reductase are best obtained when only one enzyme is operating. This is the case for succinate dehydrogenase in aerobically grown frd mutants and for fumarate reductase in any anaerobically grown Frd+ strain. The ratios observed here are 7 to 13 for succinate dehydrogenase and 0.08 to 0.13 for fumarate reductase. Thus fumarate reductase is found to catalyze the reduction of fumarate 7 to 13 times faster than the oxidation of succinate. Similar ratios of activity have been reported for fumarate reductase from yeast, E. coli, and Micrococcus lactilyticus (19, 24, 30) . The results presented here differ from those of Hirsch et al. (16) who deduced succinate oxidation to fumarate reduction ratios of 25 for succinate dehydrogenase and 1.5 for fumarate reductase. However, different methods were used for assaying both activities, so the results are not strictly comparable.
An analysis of the cotransduction results shows that frd lies at about 82 min on the E. coli chromosome. This is about 25 min away from the sdh gene (4), but it is interesting to note that the structural gene for aspartase, aspA, has been located in this region of the chromosome (23) . The possibility of the two genes comprising part of a regulatory unit is being investigated.
